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ABSTRACT OF THE THESIS 
CBCT and Cephalometric Analysis of the TMJ Complex after 
Treatment Using a MARA Appliance 
 
by 
Melissa Danette Shotell 
Master of Science in Orthodontics and Dentofacial Orthopedics 
 Loma Linda University, September 2014 
Dr. Joseph Caruso, DDS, MS, MPH, Associate Dean, Strategic Initiatives and Faculty 
Practices, Professor and Chair Orthodontics and Dentofacial Orthopedics 
 
Introduction: The mandibular anterior repositioning appliance (MARATM) is a fixed 
appliance intended for the correction of class II malocclusion.  Many advocate the use of 
the MARA appliance to minimize patient non-compliance with treatment; however, little 
information is known as to the skeletal changes in the temporomandibular complex.  The 
purpose of this study is to investigate the changes in the temporomandibular complex 
using both cephalometric and cone beam computerized tomography.   
Materials and Methods: The initial and final treatment cone beam computerized 
tomography (CBCT) scans of 5 patients treated with the MARA appliance were collected 
from the Loma Linda University Orthodontics Clinic.  Lateral cephalograms were 
constructed from the CBCT scans and a cephalometric tracing was created for each 
patient prior to treatment (T1) and after treatment (T2) with the MARA appliance.  The 
T2 cephalometric tracings were evaluated for linear changes in the temporomandibular 
complex when related to stable cephalometric structures.  Cephalometric landmarks were 
quantified and variations were measured for the mean and standard deviation of each 
landmark.  Three dimensional condylar changes in width, length, depth, height, and 
volume were evaluated using direct measurements from the initial and final CBCT scans. 
xiii 
The cone beam computerized tomography of the same 5 patients was superimposed and 
color mapped to show changes in the morphology of the temporomandibular joint (TMJ) 
complex.   Measurements were compared using paired t-tests, repeated measures analysis 
of variation (ANOVA) and pairwise comparison of paired T-test, and a 2-way ANOVA 
with interaction comparison. 
Results: The T2 lateral cephalograms showed changes in the TMJ complex with both the 
glenoid fossa and mandibular condyle moving posterior in relationship to pterygoid 
vertical.  The center of the condyle had a more inferior position in relation to the 
Frankfort horizontal in patients treated with the MARA appliance.  Cephalometric study 
showed a pattern of changes that was consistent with normal growth and development of 
the TMJ complex.  The CBCT images showed changes in the width and depth of the 
condyle that were not statistically significant for the changes seen in the age matched 
control.  The CBCT evaluation of mandibular length showed an increase in mandibular 
length, but it was not different from the increase seen in the control.  The volume of the 
mandibular condyle was statistically significantly larger than the volume of the controls 
both prior to and after treatment.       
Conclusions: This study demonstrated that there are changes occurring in the TMJ 
complex during treatment with a MARA appliance.  These changes were determined to 
be consistent to the changes expected in normal growth and development of the TMJ 
complex.  
 1 
 
 
CHAPTER ONE 
REVIEW OF THE LITERATURE 
Skeletal Class II malocclusion is considered the most common skeletal problem 
encountered in clinical orthodontics.1-4  The Third National Health and Nutrition 
Examination Survey (NHANES III) reports estimates of prevalence of class II skeletal 
malocclusion in the US population reach as high as 11% of the population.4  While 
traditionally classified according to Angles distoclusion class II molar relationship, these 
patients often exhibit 4mm or greater horizontal overjet at the incisors.1  Left untreated, 
skeletal class II patients may have a higher risk of obstructive sleep apnea and other 
airway problems, temporomandibular dysfunction, and psycho-social problems 
associated with severe retrognathia.5-8     
During orthodontic correction of class II malocclusion, orthodontists have several 
treatment modalities available including: elastics, extraction therapy, headgear appliances 
and pendulum appliances for molar distalization, use of temporary anchorage devices, 
orthognathic surgery, and fixed or removable functional appliances.   By definition, 
functional appliances are an appliance that “changes the posture of the mandible by 
holding it open or open and forward. Pressures created by the stretch of muscles and 
tissue are transmitted to the skeletal and dental structures, moving teeth and modifying 
growth”.1   Fixed and removable functional appliances are both designed to alter various 
muscle groups influencing the function and position of the mandible.9  These functional 
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and positional modifications will ultimately bring about a change in the sagittal and 
vertical position of the mandible through orthodontic and orthopedic alterations.9 
Several different types of fixed appliances are available including: Herbst, 
ForsusTM, Jasper JumperTM, and more recently, the Mandibular Anterior Repositioning 
Appliance (MARATM). The MARA appliance was first introduced in 1998 by Eckhart 
and Toll.10  This fixed appliance uses stainless steel crowns or bands on the maxillary and 
mandibular first molars allowing for inserts to be placed to cause a desired corrective 
action.11  The maxillary molar band or crown portion of the appliance consists of 
removable heavy wire elbows (cams) attached at an angle of 90 degrees to the occlusal 
plane (Figures 1 and 2).  The mandibular portion of the appliance consist of abutments 
extension arms that are fixed to the lower first molars on the buccal surface to engage the 
elbow extension of the maxillary crowns and cause the corrective action.  The mandibular 
crowns or bands  are connected via a lingual arch to minimize mesial lingual rotation of 
the molars, and maxillary molars are connected with a transpalatal bar to prevent distal 
lingual rotation.  The lower first molar abutment arm extensions function to restrain 
posterior movement of the lower jaw, without permanent interdigitation of the teeth.  The 
MARA advances the lower jaw principally by muscular force and the interaction of the 
maxillary elbow with the mandibular arm extension, this new position readapts via 
neuromuscular reprogramming.11-13  The maxillary elbow can be activated by adding 
shims there by allowing for control of mandibular advancement.  A principal benefit of 
the MARA appliance is that it is fixed without a continuous upper to lower connection; 
this is unique to the MARA when compared to the Forsus or Jasper Jumper.14  Most 
 3 
importantly, due to being a fixed appliance, patient cooperation is taken out of the 
treatment equation leading to more predictable results.15 
 
 
Figures 1 and 2.  MARA appliance with stainless steel crowns, maxillary elbow attached 
to the maxillary crown on the buccal surface, and arm extension attached to the 
mandibular crown. Figure 1 adjustment shim in place, the shim represents the amount of 
corrected dental class II.     
 
 
 
Several studies have investigated the clinical effectiveness of the MARA 
appliance pre and post treatment. Authors have found that Class II malocclusion can be 
successfully treated with MARA appliances via restriction of maxillary growth, slight 
maxillary molar distalization and mesial migration of the lower molar.14,16  In studies by 
Pangrazion and Goner they determined there was not significant mandibular growth or 
vertical changes with MARA treatment, and class II correction was predominantly due to 
restriction of maxillary growth and dentoalveolar changes.11,16  Gonner described 
differences between adults and adolescence treated with the MARA appliance, 
concluding that the MARA appliance was effective in Class II correction in all age 
groups.11  Additionally the study showed that neuromuscular reprogramming via a 
biofeedback mechanism of the masticatory system was the underlying cause for class II 
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correction, unfortunately, the authors did not evaluate the changes specifically within the 
temporomandibular joint. In contrast, Guner used single photon emission computerized 
tomography (SPECT) to evaluate treatment results with the MARA appliance.  The 
evaluation of the metabolic activity of the TMJ before and after treatment using SPECT 
images indicated increased bone formation of the TMJ complex.17  Siara-Olds also 
supported the findings that the mandible increased in length during MARA treatment, 
showing that a 1mm/year increase in the mandibular length occurred in patients treated 
with MARA when compared to controls, and a steeper occlusal plane resulted.18  
Interestingly, this study also supported the findings that MARA can hold the maxilla 
against normal downward and forward growth.   The study by Ghislanzoni supported 
both the dentoalveolar changes identified by Pangrazio, and the skeletal changes 
including increase in mandibular length of Siara-Olds study.14 
Additional studies have evaluated TMJ and skeletal changes associated with 
functional appliances. Voudouris addressed the question of analyzing changes in the 
glenoid fossa during functional appliance therapy and the interaction of the masticatory 
muscles with non-human primates and the Herbst appliance.19,20  Subjects were evaluated 
with cephalometrics, EMG muscle evaluation, and histologic dissection of the TMJ 
complex.  This study established the natural growth direction of the glenoid fossa in the 
downward and backward direction with opposite direction of growth downward and 
forward in subjects treated with the Herbst appliance.  This study also found increased 
condylar growth in the treatment group and a marked decrease in the muscular function 
of the masticatory system.  Arici study on Forsus appliances found no significant change 
in the volume of the condyle or glenoid fossa.21  It was suggested that remodeling of the 
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fossa accounted for this consistency in volume, as seen by the changes in the anterior and 
posterior joint spaces yet no overall increase or decrease in size of the fossa. In a study by 
Rabie the remodeling of the glenoid fossa was investigated using mandibular advancing 
appliance on rats.22  Histologic dissection determined that the rats treated with the 
mandibular advancing appliance had more bone formation on the posterior and superior 
aspect of the glenoid fossa than the anterior portion.22  In all areas of the glenoid fossa 
there was significantly more bone formation in the treatment group than the controls.22  
The study by Hagg investigated the remodeling in the mandibular condyle after use of 
functional appliances and headgear.23  This study determined that there was significant 
apposition of bone on the superior aspect of the mandibular condyle in treatment patients, 
the authors determined that this related to an increase in mandibular prognathism in the 
patients treated with both headgear and functional appliances.23    
Significant controversy exists in the literature as to the actual method of class II 
correction with functional appliances.  Many studies support the findings of growth and 
remodeling of the TMJ complex through functional appliances,17,18 while many studies 
refute this finding and support strictly a dentoalveolar change for class II correction.11,14,16  
To date the majority of studies addressing the subject of functional appliances and 
possible changes in the TMJ complex have centered around the use of Herbst or Forsus 
appliances.19-21,24-26 
  Cone bean computerized tomography (CBCT) imaging has recently found a more 
wide spread use in dentistry due to the accuracy of 3D imaging.27  CBCT imaging has 
been found to accurately measure the volume of the mandibular condyle based on the 
Cavalieri principle.28  In a study by Gribel and Lascala CBCT measurements were found 
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to be as accurate as direct craniometric measurements taken on dry skull specimens.29,30  
CBCT constructed images have also been determined to be as accurate as conventional 
images for representations of the lateral cephalogram.31-35 
 While the scientific literature contains numerous studies evaluating skeletal 
changes associated with the use of Herbst, Forsus, and Jasper Jumper appliances, limited 
information is available evaluating similar changes with MARA appliances.18,25,26,36-39 
Knowledge of skeletal changes associated with orthodontic intervention is an essential 
part of diagnosis and treatment planning for orthodontic therapy as it allows clinicians to 
reasonably predict treatment outcomes. The use of two-dimensional radiographs and 
cone-beam computerized tomography in investigating condylar and glenoid fossa 
remodeling after the use of the Mandibular Anterior Repositioning Appliance is 
warranted.  The ability to measure the osseous changes in the mandibular condyle and the 
glenoid fossa will give clinicians a better understanding of how dental or orthopedic 
changes occur with class II correction treatment, and can help clinicians identify patients 
that can benefit from this functional appliance.    
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CHAPTER TWO 
CBCT AND CEPHALOMETRIC ANALYSIS OF THE TMJ COMPLEX AFTER 
TREATMENT USING A MARA APPLIANCE 
 
 
by 
Melissa Danette Shotell 
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Abstract 
Introduction: The mandibular anterior repositioning appliance (MARATM) is a fixed 
appliance intended for the correction of class II malocclusion.  Many advocate the use of 
the MARA appliance to minimize patient non-compliance with treatment; however, little 
information is known as to the skeletal changes in the temporomandibular complex.  The 
purpose of this study is to investigate the changes in the temporomandibular complex 
using both cephalometric and cone beam computerized tomography.   
Materials and Methods: The initial and final treatment cone beam computerized 
tomography (CBCT) scans of 5 patients treated with the MARA appliance were collected 
from the Loma Linda University Orthodontics Clinic.  Lateral cephalograms were 
constructed from the CBCT scans and a cephalometric tracing was created for each 
patient prior to treatment (T1) and after treatment (T2) with the MARA appliance.  The 
T2 cephalometric tracings were evaluated for linear changes in the temporomandibular 
complex when related to stable cephalometric structures.  Cephalometric landmarks were 
quantified and variations were measured for the mean and standard deviation of each 
landmark.  Three dimensional condylar changes in width, length, depth, height, and 
volume were evaluated using direct measurements from the initial and final CBCT scans. 
The cone beam computerized tomography of the same 5 patients was superimposed and 
color mapped to show changes in the morphology of the temporomandibular joint (TMJ) 
complex.   Measurements were compared using paired t-tests, repeated measures analysis 
of variation (ANOVA) and pairwise comparison of paired T-test, and a 2-way ANOVA 
with interaction comparison. 
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Results: The T2 lateral cephalograms showed changes in the TMJ complex with both the 
glenoid fossa and mandibular condyle moving posterior in relationship to pterygoid 
vertical.  The center of the condyle had a more inferior position in relation to the 
Frankfort horizontal in patients treated with the MARA appliance.  Cephalometric study 
showed a pattern of changes that was consistent with normal growth and development of 
the TMJ complex.  The CBCT images showed changes in the width and depth of the 
condyle that were not statistically significant for the changes seen in the age matched 
control.  The CBCT evaluation of mandibular length showed an increase in mandibular 
length, but it was not different from the increase seen in the control.  The volume of the 
mandibular condyle was statistically significantly larger than the volume of the controls 
both prior to and after treatment.       
Conclusions: This study demonstrated that there are changes occurring in the TMJ 
complex during treatment with a MARA appliance.  These changes were determined to 
be consistent to the changes expected in normal growth and development of the TMJ 
complex.   
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Introduction 
 Skeletal Class II malocclusion is one of the most common conditions encountered 
in clinical orthodontic.   While there are many treatment modalities available to the 
orthodontist for treatment of class II skeletal maloccusion, most rely on patient 
compliance.  One of the more recent developments in orthodontic technology have been 
fixed functional appliances designed to correct the class II malocclusion and eliminate the 
need for patient compliance.  Among these fixed appliances is the Mandibular Anterior 
Repositioning Appliance (MARATM).  The MARA appliance has the benefit of being a 
fixed appliance; however it lacks the intermaxillary connection of many fixed appliances.  
Due to the lack of intermaxillary connection the mandible is allowed a larger range of 
motion and movement in comparison to other functional appliances for patient comfort.  
 Until recently there has been little research on the biological changes that result in 
the class II correction with the MARA appliance.  Class II correction can be achieved 
through a skeletal component, dental-alveolar changes, or a combination of both dental 
and skeletal changes.  The majority of literature that exists on the MARA appliance 
focuses on the overall skeletal and dental changes.  The purpose of this study was to 
evaluate the potential skeletal changes and remodeling of the temporomandibular joint 
complex after treatment with the MARA appliance.   
 
Hypothesis 
The null hypothesis is that there is no difference in the size, shape, and growth 
direction of the glenoid fossa and mandibular condyle after the use of the mandibular 
anterior repositioning appliance. The working hypothesis is that remodeling occurs in the 
 11 
glenoid fossa and mandibular condyle in size, shape, and growth direction after use of the 
mandibular anterior repositioning appliance.  
 
Materials and Methods 
 This study is a  retrospective, post-treatment review of the pre- and post-MARA 
treatment CBCT (NewTom 3G, NewTom 5G, QR, srl, Verona, Italy) images  and 
constructed lateral cephalograms of orthodontic patients who have been treated at the 
Loma Linda University, Graduate Orthodontic Clinic and who were treated for  class II 
correction with a functional appliance.  IRB approval was granted by Loma Linda 
University.  It is standard protocol of the Graduate Orthodontic Clinic that all full 
treatment patients receive: 1) A pre-treatment lateral cephalometric and CBCT image 
(T1) at the time of patient records prior to treatment, 2) post-treatment lateral 
cephalometric and CBCT image (T2).  
 
Data Collection 
 The charts of patients who were treated with the MARA appliance were reviewed 
and the following data was collected:  
 1. Chart Number  
 2. Gender (male or female) 
 3. Age at start of treatment (in year-month) 
 4. Duration of treatment  
 The information was anonymized by assigning each patient a random number 
starting with 101, and the corresponding control 101C.   
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Lateral Cephalometric Images 
  Lateral cephalometric radiographs were constructed in the orthogonal view using 
Dolphin 3D imaging (Dolphin Imaging & Management Solutions), these lateral 
cephalograms were then imported into digital cephalometric analysis tracing software 
(Quick Ceph, Quick Ceph Systems, San Diego, CA).  Lateral cephalograms were 
constructed for the pre-treatment (T1) and post-treatment (T2) time points.   
 Linear measurements on the lateral cephalograms were modeled after Ricketts, 
Ikeda’s, and Chang’s studies.40-42 The anterior cranial base is represented by sella-nasion 
and measurements were computed based upon the following lines projecting from 
pterygoid vertical (PtV) and Frankfort Horizontal (FH). Pterygoid vertical was defined as 
the line perpendicular to Frankfort horizontal through PT point (junction of the pterygo-
palatine fossa and foramen rotundum).  All measurements were made from the landmark 
along a line perpendicular to PtV or FH.  
1.  Maxillary base position (mm): PtV to A-point  
2. Mandibular base position (mm): PtV to B-point 
3. Porion location (mm): PtV to porion along FH 
4. Mandibular condyle horizontal position (mm): PtV to hinge axis  
5. Mandibular condyle vertical position (mm): Hinge axis to FH  
6. Anterior glenoid fossa horizontal position (mm): PtV to the most 
prominent/convex point on the anterior wall of the glenoid fossa  
7. Anterior glenoid fossa vertical position (mm): The most prominent/convex 
point on the anterior wall of the glenoid fossa to FH   
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8. Superior glenoid fossa horizontal position (mm): PtV to the most 
prominent/concave point on the superior wall of the glenoid fossa 
9. Superior glenoid fossa vertical position (mm): The most prominent/concave 
point on the superior wall of the glenoid fossa to FH   
10. Posterior glenoid fossa horizontal position (mm): PtV to the most 
prominent/convex point on the posterior wall of the glenoid fossa 
11. Posterior glenoid fossa vertical position (mm): The most prominent/convex 
point on the posterior wall of the glenoid fossa to FH   
12. Anterior condyle horizontal position (mm): PtV to the most prominent 
anterior point on the condyle 
13. Anterior condyle vertical position (mm): The most prominent anterior point 
on the condyle to FH  
14. Superior condyle horizontal position (mm): PtV to the most prominent 
superior point on the condyle 
15. Superior condyle vertical position (mm): The most prominent superior point 
on the condyle to FH  
16. Posterior condyle horizontal position (mm):PtV to the most prominent 
posterior point on the condyle 
17. Posterior condyle vertical position (mm):The most prominent posterior point 
on the condyle to FH   
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Figure 3. Measurements on the lateral cephalogram. 
 Anterior, superior, and posterior points on the glenoid fossa and measurements  
 Anterior, superior, and posterior points on the mandibular condyle and measurements       
 Hinge axis and associated measurements,   Porion location,   MX and MD Base position 
Na = Nasion, Ba = Basion, PtV = Pterygoid Vertical, FH = Frankfort Horizontal                                  
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Figure 4.   Detailed measurements of the TMJ complex. 
 Anterior, superior, and posterior points on the glenoid fossa and measurements  
 Anterior, superior, and posterior points on the mandibular condyle and measurements       
 Hinge axis and associated measurements,   Porion location,   MX and MD Base position  
Na = Nasion, Ba = Basion, PtV = Pterygoid Vertical, FH = Frankfort Horizontal                                 
 
 
3D CBCT Images  
 CBCT images were reconstructed and converted to DICOM (Digital Imaging and 
Communications in Medicine) images and imported into Mimics software (Mimics 
Innovation Suite, Materialise, Leuven, Belgium).  In the Mimics software a relative 
Hounsfield unit threshold 400-800 HU was established for each scan then a smoothing 
algorithm was applied to the images to create more defined borders for segmentation.    
The images were then segmented using Mimics and direct linear and volumetric 
measurements were made on the scans. 
 From the CBCT images, the following linear measurements were made and 
recorded:  
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Metric Analysis of Images 
 Analysis in axial, frontal, and sagittal planes, in each case, measurements were 
taken from the slice exhibiting the largest condyle diameter (the central slice) 
according to methods outlined by Kinzinger.13 
a. Mandibular Condyle Width (MCW): Linear measurements were measured 
in the axial and frontal planes at T1 and T2. 
b. Mandibular Condyle Depth (MCD): Linear measurements were made in 
the axial and sagittal planes at T1 and T2.  
c. Mandibular Condyle Height (MCH): Linear measurements were taken in 
the frontal and sagittal planes at T1 and T2. Condylar height was measured 
with techniques outlined by Kinzinger and Hoppenreljs.13,43 
 
 
 Figure 5. Axial, frontal and sagittal condylar measurements as determined by selecting 
the largest slice of the condyle when moving through the CBCT volume, and measuring 
a distance corresponding to height, width, and depth. 
 
 
 
 
 
 
 17 
Mandibular Length (ML)   
 Using the Mimics software, the center of the condyle was located in the axial view 
by sectioning through the volume and locating the most superior central part of the 
condyle (constructed condylion).  A line representing ML was then measured from 
constructed condylion to gnathion.  Left and right sides were averaged together and 
used to analyze the length of the mandible between T1 and T2.  Measurements were 
modified from the methods of Ludlow for accuracy of identification and reproducibility 
of landmarks.33   
 
 
 Figure 6. Mandibular length was measured from the superior central point on the 
condylar head to the midline most inferior point of the mandibular symphysis. 
 
 
Mandibular Condyle Volume (MCV)  
 Using the Mimics software, the mandible was isolated from the skull.  The 
mandibular condyles were sectioned from the body of the mandible following a line 
tangent to the distal slope of the coronoid process.28  The change in the volume of the 
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mandibular condyle was measured in the surface area triangles (SAT) of the two 
images.  The change in the MCV was measured as the difference between pre-MARA 
mandibular condyle volume (MCV 1) and post-MARA mandibular condyle volumes 
(MCV 2).  A positive ΔMCV indicated a decrease in the volume of the mandibular 
condyle.  
 
 
 
Fig 7. Mandibular condylar volume measurements made with slicing tool.  Area in red 
indicates area for mandibular volume measurement determined by the line tangent to the 
posterior slope of the coronoid process. 
 
 
All cephalometric measurements were performed by 1 examiner (MDS). The 3D 
CBCT images were segmented, measured, and superimposed by examiner (CK) at IBUR 
BioSystems.  Linear measurements were made to the nearest 0.01 mm and volumetric 
recordings made to the nearest surface area triangle.  Standard error for repeated 
measures was assessed by re-measuring 5 sets of patient images and assessing difference 
between measures.  
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Sample Size 
 A total of 5 T1 and T2 lateral cephalograms were measured and evaluated as well 
as 5 CBCT data sets were measured and evaluated.  A total of 10 mandibular condyles 
were evaluated for both treatment and control in the CBCT evaluation.      
 
Experimental Control 
 After the T1 CBCT constructed cephalogram was obtained, a composite tracing 
was generated and a growth projection of the treatment time was created and used as the 
control to measure against.40  Composite growth forecast as a control indicates the natural 
trend for each patient if they had remained untreated.42,44  The growth projections for the 
treatment controls were calculated to age fifteen for females and age eighteen years for 
males.  
 CBCT volumes were compared to CBCT volume controls matched for age and 
gender.  Age of the control patient was matched as close to the patient in treatment with 
MARA as possible.  The matched controls were found to be within nine months of age of 
the patients evaluated.  Treatment length of control patients were at least 20 months 
duration.  Age-matched control patients for use in comparison had the following 
requirements: class I malocclusion treated with conventional orthodontics, less than 4 
months of class II elastics utilized, and no functional appliances used during treatment.  
 
Statistical Analysis 
All statistical analysis was performed using SAS version 9.2 computer software 
(SAS Institute Inc., Cary, North Carolina).  Statistical analysis includes means and 
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standard deviations calculated for each variable.   
The cephalometric study was statistically evaluated using repeated measures 
analysis of variation (ANOVA) and pairwise comparison of paired T-test.  The lateral 
cephalograms were measured twice and the mean values for each measurement were 
compared between initial and final measurements to determine any significant changes 
between T1 and T2.  The T2 measurements were compared against the growth projected 
controls to evaluate for changes that would be seen during treatment unrelated to normal 
growth and developments. An intraclass correlation coefficient for reliability was 
evaluated to assess similarity in the repeated measures.  Statistical significance was 
determined when p < 0.05  
Statistical analysis of the CBCT measurements consists of a 2-way ANOVA with 
interaction comparison.  Right and left sides were averaged in the analysis.  Interaction 
comparison was performed to determine interaction of the three subject groups T1, T2, 
and control; and to determine interaction of time for pre and post treatment.  Statistical 
significance was determined when p < 0.05.         
 
Results 
 Five patients (3 males, 2 females) with a mean age of 16.25 (range = 11.6-25.0) 
years were included in this study.  Total treatment time for the patients ranged from 22 to 
33 months in treatment, with an average treatment time of 27 months.   The treatment 
time with the MARA appliance ranged from 9 to 14 months, with the average MARA 
treatment time of 11 months.  The T1 average ANB angle was 5.8o, and the T2 average 
ANB angle was 5.2o.   
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Lateral Cephalometric Images 
 The repeated measures ANOVA and pairwise comparison of paired T-test resulted 
in several measurements with statistically significant changes.  A summary of lateral 
cephalometric data is given in Tables 1 and 2. All five of the lateral cephalometric cases 
were re-measured and an intraclass correlation coefficient of reliability was evaluated for 
each area of measurement.  The Shrout-Fleiss reliability score for each of the seventeen 
measurements was 0.99 or greater, for an overall similarity of measurements if 96% or 
greater.     
 The Mandibular Base Horizontal position (PtV to B-point) at T2 was significantly 
greater than at T1 (p = 0.014; Table 2). When examining the directionality of the data B-
point was moving in the anterior direction from PtV, but was not statistically significant 
when compared to the control.   
 The Mandibular Condyle Horizontal position (Hinge axis to PtV) at T2 was 
significantly greater than at T1 (p = 0.018; Table 2).  The directionality of the changes 
seen between T2 and T1 shows an increase in distance, with the hinge axis moving 
posterior to PtV.     
 The Mandibular Condyle Vertical position (Hinge axis to FH) at T2 was 
significantly greater than at T1 (p = 0.06; Table 2).   At T2 vs Control the T2 was 
significantly greater than control (p = 0.003; Table 2).  This is the only measurement that 
demonstrated statistical significance (p < 0.05; Table 2) for the comparison of T2 vs. T1 
and the comparison of T2 vs. Control.  The directionality of the data indicated that the 
condyle is moving inferior in relationship to FH.     
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 The Superior Glenoid Fossa Horizontal position (superior glenoid fossa to PtV) at 
T2 was significantly greater that at T1 (p = 0.021; Table 2).  The directionality of the data 
indicated the superior glenoid fossa was located more posterior in relation to PtV, but was 
not significantly different than the position of the control.   
 The Superior Condyle Horizontal position (superior point on mandibular condyle 
to PtV) at T2 was significantly greater that at T1 (p = 0.015; Table 2), and the data 
indicated the distance between the superior point on the condyle and PtV was increasing 
with the superior point on the condyle moving more posterior.  See Tables 1 and 2 for 
statistical analysis.      
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Table 1.  Summary of cephalometric measurements 
 
Measurement Time 
N 
LCLM 
(mm) 
Mean 
(mm) 
UCLM 
(mm) 
SD 
(mm) 
Maxillary Base Position Control 5 47.1 52.8 58.4 4.6 
 T2 5 46.5 51.8 57.2 4.3 
 T1 5 46.4 51.8 57.2 4.4 
Mandibular Base Position Control 5 36.6 43.6 50.6 5.6 
 T2 5 38.0 44.0 50.0 4.8 
 T1 5 35.4 42.6 49.8 5.8 
Porion Location  Control 5 34.6 41.1 47.7 5.3 
 T2 5 34.7 41.2 47.6 5.2 
 T1 5 33.8 40.7 47.5 5.5 
Mandibular Condyle Horizontal Position  Control 5 22.4 28.4 34.5 4.8 
 T2 5 22.7 29.1 35.5 5.2 
 T1 5 21.9 28.2 34.4 5.0 
Mandibular Condyle Vertical Position  Control 5 3.8 6.4 9.0 2.1 
 T2 5 4.6 7.1 9.7 2.0 
 T1 5 3.7 6.3 8.9 2.1 
Anterior Glenoid Fossa Horizontal Position Control 5 15.6 21.9 28.2 5.1 
 T2 5 15.9 21.8 27.6 4.7 
 T1 5 15.3 21.7 28.1 5.1 
Anterior Glenoid Fossa Vertical Position Control 5 1.7 4.2 6.7 2.0 
 T2 5 1.8 4.6 7.5 2.3 
 T1 5 1.7 4.2 6.6 2.0 
Superior Glenoid Fossa Horizontal Position Control 5 24.1 29.9 35.8 4.7 
 T2 5 24.9 30.7 36.4 4.6 
 T1 5 23.6 29.6 35.6 4.8 
Superior Glenoid Fossa Vertical Position  Control 5 -2.6 0.1 2.9 2.2 
 T2 5 -3.5 0.1 3.8 2.9 
 T1 5 -2.6 0.1 2.8 2.2 
Posterior Glenoid Fossa Horizontal Position Control 5 31.9 36.7 41.6 3.9 
 T2 5 31.6 37.2 42.8 4.5 
 T1 5 31.3 36.4 41.4 4.1 
Posterior Glenoid Fossa Vertical Position Control 5 5.9 8.7 11.4 2.2 
 T2 5 4.9 8.7 12.6 3.1 
 T1 5 5.9 8.6 11.2 2.2 
Anterior Condyle Horizontal Position Control 5 18.1 23.8 29.4 4.5 
 T2 5 17.9 23.6 29.2 4.5 
 T1 5 17.8 23.5 29.2 4.6 
Anterior Condyle Vertical Position Control 5 2.7 4.7 6.7 1.6 
 T2 5 3.0 5.0 7.0 1.6 
 T1 5 2.7 4.7 6.6 1.6 
Superior Condyle Horizontal Position  Control 5 23.7 29.4 35.0 4.5 
 T2 5 23.8 30.0 36.1 5.0 
 T1 5 23.3 29.1 34.8 4.7 
Superior Condyle Vertical Position  Control 5 0.1 2.5 5.0 2.0 
 T2 5 -0.4 2.7 5.8 2.5 
 T1 5 0.1 2.5 4.9 1.9 
Posterior Condyle Horizontal Position  Control 5 27.3 33.5 39.8 5.0 
 T2 5 26.9 33.5 40.1 5.3 
 T1 5 26.7 33.2 39.7 5.2 
Posterior Condyle Vertical Position  Control 5 5.8 8.6 11.4 2.3 
 T2 5 4.8 8.2 11.7 2.8 
 T1 5 5.7 8.5 11.3 2.3 
 
N = Number in Sample, LCLM = Lower Confidence Level Mean, UCLM = Upper 
Confidence Level Mean, SD = Standard Deviation  
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Table 2.  Summary of cephalometric statistics.  
Measurement Time  Time  P-value 
Maxillary Base Position Control T2 0.083  
Maxillary Base Position T2 T1 0.967 
Mandibular Base Position Control T2 0.447 
Mandibular Base Position T2 T1 0.014* 
Porion Location  Control T2 0.946 
Porion Location  T2 T1 0.132 
Mandibular Condyle Horizontal Position  Control T2 0.081 
Mandibular Condyle Horizontal Position  T2 T1 0.018* 
Mandibular Condyle Vertical Position  Control T2 0.006* 
Mandibular Condyle Vertical Position  T2 T1 0.003* 
Anterior Glenoid Fossa Horizontal Position Control T2 0.772 
Anterior Glenoid Fossa Horizontal Position T2 T1 0.868 
Anterior Glenoid Fossa Vertical Position Control T2 0.130 
Anterior Glenoid Fossa Vertical Position T2 T1 0.095 
Superior Glenoid Fossa Horizontal Position Control T2 0.084 
Superior Glenoid Fossa Horizontal Position T2 T1 0.021* 
Superior Glenoid Fossa Vertical Position  Control T2 0.958 
Superior Glenoid Fossa Vertical Position  T2 T1 0.958 
Posterior Glenoid Fossa Horizontal Position Control T2 0.301 
Posterior Glenoid Fossa Horizontal Position T2 T1 0.075 
Posterior Glenoid Fossa Vertical Position Control T2 0.849 
Posterior Glenoid Fossa Vertical Position T2 T1 0.645 
Anterior Condyle Horizontal Position Control T2 0.559 
Anterior Condyle Horizontal Position T2 T1 0.877 
Anterior Condyle Vertical Position Control T2 0.159 
Anterior Condyle Vertical Position T2 T1 0.118 
Superior Condyle Horizontal Position  Control T2 0.080 
Superior Condyle Horizontal Position  T2 T1 0.015* 
Superior Condyle Vertical Position  Control T2 0.519 
Superior Condyle Vertical Position  T2 T1 0.446 
Posterior Condyle Horizontal Position  Control T2 0.902 
Posterior Condyle Horizontal Position  T2 T1 0.223 
Posterior Condyle Vertical Position  Control T2 0.140 
Posterior Condyle Vertical Position  T2 T1 0.297 
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3D CBCT Images  
Metric Analysis of Images 
 The CBCT measurements were evaluated using a 2-way ANOVA with interaction 
comparison.  The statistical analysis was designed to show interaction of both time (T1 
and T2) and group (treatment and control).  The results of multiple comparisons showed 
statistically significant changes in the shape of the mandibular condyle.  
 The Mandibular Condyle Width measured in both the axial and frontal planes 
demonstrated a statistical significant p-value in relation to time but not to group, and no 
interaction of time and group.  Both the treatment and the control group demonstrated a 
statistically significant increase in the width of the condyle in both the frontal and axial 
planes from T1 to T2 (p < 0.05; Tables 3 and 4).  
 
 
Table 3.  Analysis of the treatment and time effects on MCW in axial plane using Two-
way ANOVA at α = 0.05  
 
 Mean ± SD  
 T1 T2 P-value 
Tx 16.71 ± 2.26 17.50 ± 2.27 0.0311a,* 
 Control  17.66 ± 2.47 18.52 ±1.66 
 0.43b 0.93c 
a = Time effect, b = Tx effect, c = Interaction 
 
 
 
Table 4.  Analysis of the treatment and time effects on MCW in frontal plane using Two-
way ANOVA at α = 0.05 
 
 Mean ± SD  
 T1 T2 P-value 
Tx 14.42 ± 1.93 15.91 ± 3.38 0.040a,* 
 Control  15.01 ± 1.01 115.80 ±1.82 
 0.84b 0.49c 
a = Time effect, b = Tx effect, c = Interaction 
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 The Mandibular Condyle Depth measured in both the axial and sagittal planes 
demonstrated a statistically significant increase in condylar depth in relation to time but 
not to group, and there was no interaction of group and time.  Both the treatment and 
control group showed a significant increase in the condylar depth from T1 to T2 (p < 
0.05; Tables 5 and 6).  
 
 
Table 5.  Analysis of the treatment and time effects on MCD in axial plane using Two-
way ANOVA at α = 0.05.   
 
 Mean ± SD  
 T1 T2 P-value 
Tx 7.71 ± 0.96 8.04 ± 1.10 0.01a, * 
 Control 7.93 ± 1.10 8.14 ± 0.98 
 0.79b 0.51c 
a = Time effect, b = Tx effect, c = Interaction 
 
 
 
Table 6.  Analysis of the treatment and time effects on MCD in sagittal plane using Two-
way ANOVA at α = 0.05 
 
 Mean ± SD  
 T1 T2 P-value 
Tx 9.77 ± 1.35 10.12 ± 1.68 0.002a, * 
 Control 9.49 ± 1.02 9.97 ± 1.31 
 0.78b 0.52c 
a = Time effect, b = Tx effect, c = Interaction 
 
 
 Mandibular Condyle Height measured in both the frontal and sagittal planes did 
not show statistical significant change for either time or group (p > 0.05; Tables 7 and 8).   
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Table 7.  Analysis of the treatment and time effects on MCH in frontal plane using Two-
way ANOVA at α = 0.05  
 
 Mean ± SD  
 T1 T2 P-value 
Tx 5.13 ± 1.43 5.06 ± 0.73 0.87a 
Control 4.95 ± 0.77 5.11 ± 0.51 
 0.80b 0.69c 
a= Time effect, b=Tx effect, c= Interaction 
 
 
Table 8.  Analysis of the treatment and time effects on MCH in sagittal plane using Two-
way ANOVA at α = 0.05 
 
 Mean ± SD  
 T1 T2 P-value 
Tx 4.03 ± 0.40 4.36 ± 0.36 0.45a 
 Control 4.07 ± 1.40 3.99 ± 1.18 
 0.76b 0.21c 
a = Time effect, b =Tx effect, c = Interaction 
 
 
 
Mandibular Length 
 The Mandibular Length showed a statistically significant increase in respect to 
time, but not group, and no interaction of time and group.  The measurements of right and 
left side were averaged together for treatment and control prior to statistical analysis.  
Both the treatment and control patients showed a statistically significant increase in the 
mandibular length over time (p = 0.004; Table 9).   
 
 
Table 9.  Analysis of the treatment and time effects on Mandibular Length (mm) using 
Two-way ANOVA at α = 0.05  
 
 Mean ± SD  
 T1 T2 P-value 
Tx 119.44 ± 8.22 122.91 ± 6.50 0.004a, * 
 Control 121.28 ± 5.10 123.74 ± 5.28 
 0.71b 0.53c 
a = Time effect, b = Tx effect, c = Interaction 
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Mandibular Condyle Volume 
 The MCV demonstrated a statistically significant difference between groups but 
not time (p = 0.0003; Table 10).  This indicated the patients treated with the MARA 
appliance had a statistically larger condylar volume both at T1 and T2 when compared to 
controls.   
 
Table 10.  Analysis of the treatment and time effects on Mandibular Condylar Volume 
measured in surface area triangles using Two-way ANOVA at α = 0.05 
  
 Mean ± SD  
 T1 T2 P-value 
Tx 55646.10 ± 29047.37 43526.20 ± 23197.84 0.48a 
Control 5466.90 ± 2062.62 7578.20 ± 1628.35 
 0.0003b, * 0.32c 
a = Time effect, b = Tx effect, c = Interaction 
 
 
Discussion 
 The primary focus of previous studies on the MARA appliance addressed the 
difference between the skeletal and dental correction created by the appliance.  The goal 
of this study was to address if there are changes occurring in the TMJ complex in relation 
to the use of the MARA appliance.  While this study did not seek to evaluate the overall 
skeletal verses dental changes seen with the MARA appliance all patients included in this 
study were end-on or full step class II dentally and the patients had an average T1 ANB 
angle of 5.8o, and T2 ANB angle of 5.2o.       
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Lateral Cephalometric Images 
 Statistical significance of the p-values for the cephalometric measurements 
indicates that there are changes occurring in the TMJ complex during treatment.  By 
looking at the directionality of all of the measurements that had significant p-values, the 
position of the changes that occurred and these changes are consistent with what would 
be expected for the age and growth of the patients or with the functional mechanics of the 
appliance.  For example, the Mandibular Base Position measured from PtV to B-point 
increased with age from T1 to T2.  In comparison with previous studies evaluating 
growth predictions and that B-point would typically project forward, the results of this 
study in agreement with these findings.18,40  
 The areas of change seen between T1 and T2 for the Mandibular Condyle 
Horizontal position, Superior Glenoid Fossa Horizontal position, and Superior Condyle 
Horizontal position were consistent with the pattern of normal growth and development.  
All of these measurements followed the direction that would have been consistent with 
growth potential in the absence of treatment for the T1 to T2 time period.  In this study all 
significant areas of change showed the glenoid fossa and condyle moving posterior in 
relation to fixed landmarks.  The changes in the condylar position were consistent with 
the changes expected under normal growth as determined by previous studies that 
demonstrated under normal growth conditions the glenoid fossa will grow posterior and 
inferior, while the condyle grows posterior and superior.19,20,24   
 The observed changes in Mandibular Condylar Vertical position observed 
between T2 vs T1, and T2 vs Control demonstrated an increase in the position of the 
mandibular condyle inferior to the FH plane.  This finding could be consistent with the 
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function of the appliance distracting the condyle from the glenoid fossa.  While there was 
no observed change in the relationship of the superior point on the mandibular condyle to 
FH it can be implied that if the Mandibular Condyle Vertical position increased then for 
the superior point on the mandibular condyle to remain consistent there must be 
apposition of bone on the superior surface of the condyle to maintain this positional 
relationship.   Hägg’s research supports the apposition of bone on the superior surface of 
the mandibular condyle during functional appliance therapy.23  Multiple studies in the 
literature support bone apposition on the mandibular condyle contributing to the posterior 
superior direction of growth and remodeling of the mandibular condyle.17,19,20,24 
 Overall, for the cephalometric data the T2 vs T1 measurements demonstrated 
more areas of statistically significant changes than the T2 vs Controls.  This indicates the 
functional appliance did not cause an interaction, alter, hinder, or increase growth.  This 
is consistent with the findings of De Oliveria that with functional appliance treatment the 
overall craniofacial pattern of growth was similar to that of the controls.38  Only the 
change in the Mandibular Condyle Vertical position demonstrated a possible influence of 
the functional mechanical effect on the TMJ complex to alter the natural position of the 
condyle in the glenoid fossa.  
 
3D CBCT Images 
 When evaluating the 3D images, some of the initial images were taken on the 
NewTom 3G unit and final images taken on the NewTom 5G. NewTom 3G images were 
12-bit signal grey scale, producing 4096 shades of grey.  While the NewTom 5G images 
were 16-bit signal grey scale, producing 65,536 shades of grey.45-47  Scans were 
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segmented and enlarged using the Mimics software and smoothing algorithms were 
applied to produce a consistent area for segmentation rounding the edges of the scans to 
within 1 pixel for defined borders.  Since the average human eye can only can only 
distinguish up to 64 shades of grey, it was concluded that differences between the 
NewTom 3G and NewTom 5G would not have made an appreciable difference when 
evaluating patient scans.46   
 Statistical analysis of CBCT images also accommodated for the potential 
difference in NewTom 3G and 5G scans by utilizing the 2-Way ANOVA with interaction 
comparison.  This analysis by looking at differences between group, time, and the group 
and time interaction would eliminate influence of the scan machine by addressing 
differences within the individual groups.     
 
Metric Analysis of Images 
 The increase in the mandibular condylar width in both the frontal and axial planes 
occurred over time in both the treatment and control groups.  This would appear to be 
consistent with normal growth since there was not group interaction in the statistical 
findings.  In a previous study based on the Herbst appliance, it has been proposed that the 
condyle can increase in size due to activity of the lateral pterygoid muscles.19,20  The 
increase in condylar growth was similar to that of the age matched controls within this 
study. 
 The increase in mandibular condylar depth both in the axial and sagittal planes 
over time in both treatment and control group indicates the interaction of growth in the 
remodeling of the condyle.  Previous studies on non-human primates with Herbst 
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appliance had demonstrated histologically that an increase of bone on the posterior aspect 
of the condyle is likely, believed to be a response to pressure from the retrodiscal 
tissue.19,20  While a previous study detected bone formation on the posterior border of the 
condyle,48 the results of this study indicated that there was increase in the depth of the 
condyle, but growth did not exceed that of age matched controls. 
  In a previous MRI study by Kinzinger it was observed that there were 
visual changes in the condyle with a similar functional appliance, but not statistically 
significant metric changes in the dimensions.12  Kinzinger’s study was able to 
demonstrate an increase in size of the condyle in both the frontal and sagittal planes, with 
a slight decrease in the axial plane.12  Unfortunately, a comparable MRI or CBCT study 
demonstrating non-treated patients as a comparison does not exist for comparison.  
 Due to the lack of statistical group interaction the current study appears to 
demonstrate growth and remodeling for the mandibular condyle that would appear to be 
consistent with normal growth and remodeling.       
 
Mandibular Length 
 The increase in mandibular length seen in both the treatment and control group 
over time appears to be consistent with normal growth and development.  Since there was 
no statistical group interaction, the MARA appliance did not show an increase growth 
beyond the normal growth potential; however the treatment patients did have the growth 
potential consistent with the age matched control.   Previous studies have had varying 
results in regard to mandibular length after treatment with the MARA.  In the study by 
Pangrazio the results determined there was no overall increase in mandibular length.16  
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However, in several other studies with functional appliances mandibular growth has been 
demonstrated to increase during use.14,18,38  In this study the growth did not exceed that of 
controls.  This study supported that the MARA appliance would allow normal growth and 
development of the mandible, and showed that the mandible did increase in length during 
treatment to that extent that would be expected for an age matched control.  
 
Mandibular Condyle Volume 
 The Mandibular Condyle Volume was statistically significantly larger for the class 
II treatment patients than the age matched controls, without interaction of time.  With 
remodeling of the TMJ complex due to growth that has been see in other dimensions of 
the condyle, it would be assumed that the volumes would increase over time if the 
dimensions of the condyle increased.  This study did not demonstrate the alteration in 
volume, beyond normal growth, than would be expected with remodeling of the TMJ 
complex for both treatment and control.   
 The findings of this study are in contrast to the study by Saccucci that determined 
class II patients have a smaller condylar volume than class I patients.49  In this study the 
control patients were class I and the treatment patients were class II, so we would not 
have expected to see that the treatment patients had larger condylar volume regardless of 
time.49  The control patients were selected as class II to compare treatment to the normal 
growth and development of the TMJ complex that is not under the influence of class II 
mechanics.  
 One of the difficulties in measuring condylar volume with CBCT is establishing 
the thresholding values (Hounsfield units) for the scans.  In a recent study by Mah it was 
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determined that the relative grey scale values reported with CBCT can be calculated as 
relative Hounsfield units using a linear regression equation.50  Park’s study identified 
ranges of bone density in Hounsfield units for various locations within the mouth and 
associated them with bone quality, establishing a range of relative Hounsfield units for 
different bone densities.51  Herford’s study supported the use of relative Hounsfield units 
to describe bone density with microCT.52  For each patient the T1 and T2 scans were 
approximated as closely as possible for the relative Hounsfield units reported as densities 
between 400-800.  Slight variation in the T1 and T2 scans may contribute to some 
variability in volume measurements.  
 Due to the differences between the NewTom 3G and 5G CBCT units there 
appears to be a scale difference in the measured volumes of the mandibular condyles.  
This was statistically accounted for using the 2-way ANOVA with interaction comparison 
by comparing the ratio differences between the treatment and control groups from T1 to 
T2. 
 
Conclusion 
 The purpose of this study was to evaluate the condylar and glenoid fossa 
remodeling in size and shape, and alteration in growth direction in patients after using a 
MARA appliance.  The following are the major findings of the study:  
1. Cephalometric analysis indicated that there were changes occurring in the TMJ 
complex during the treatment time for both treatment and control patients.     
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2. Cephalometric analysis showed a pattern of changes consistent with growth and 
development, with both the glenoid fossa and mandibular condyle moving 
posterior.  
3. On cephalometric evaluation the center of the mandibular condyle was located in 
a more inferior position in relation to Frankfort horizontal after treatment with the 
MARA appliance. 
4. The metric analysis of CBCT images demonstrated increase in size of the condyle 
in the width and depth.  These changes appeared to be consistent with normal 
growth and development when compared to age matched controls.  
5. The increase in mandibular length was the same for both treatment and control 
patients.  
6. The treated class II patients had larger condylar volumes both before and after 
treatment when compared to the age match control class I.  
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CHAPTER THREE  
EXTENDED DISCUSSION  
Study Improvements and Future Discussion 
 This study was limited by the small sample size of patients in the Loma Linda 
University Orthodontics Clinic that have been treated with the MARA appliance.  One of 
the directions for future study would be to increase the sample size and to include 
separate groups for male and female patients.  A similar study could also be done for 
growing and non-growing patients, since use of the MARA appliance is advocated for all 
ages.  Due to the differences between the NewTom 3G and 5G units, future studies could 
utilize only the NewTom 5G images. 
 The majority of research in functional appliances has centered around the use of 
the Herbst appliance, Twin-Block, Jasper Jumper, and Forsus.  Since the MARA 
appliance is relatively new future study could evaluate the effects of the MARA appliance 
in relation to the other functional appliances.   
 With the advent of 3D printing a future topic of investigation could be to print the 
condyle and glenoid fossa from the CBCT and to make direct measurements on the 
printings to evaluate the potential change within the TMJ complex that we are seeing in 
digital form when viewing CBCT.  
 Utilizing superimposition of the CBCT scans on the cranial base could provide a 
representation of the final treatment outcome in comparison to the starting image.  
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Superimpositions of CBCT images with detailed heat mapping could provide a 
qualitative representation of the treatment effects.   
 As more patients are treated with this appliance a ten year follow-up CBCT study 
of the TMJ complex would give insight into the long-term possible post treatment effects 
on the TMJ complex. 
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